The field of power harvesting has experienced significant growth over the past few years due to the ever-increasing desire to produce portable and wireless electronics with extended lifespans. Current portable and wireless devices must be designed to include electrochemical batteries as the power source. The use of batteries can be troublesome due to their limited lifespan, thus necessitating their periodic replacement. In the case of wireless sensors that are to be placed in remote locations, the sensor must be easily accessible or of a disposable nature to allow the device to function over extended periods of time. Energy scavenging devices are designed to capture the ambient energy surrounding the electronics and convert it into usable electrical energy. The concept of power harvesting works towards developing self-powered devices that do not require replaceable power supplies. A number of sources of harvestable ambient energy exist, including waste heat, vibration, electromagnetic waves, wind, flowing water, and solar energy. While each of these sources of energy can be effectively used to power remote sensors, the structural and biological communities have placed an emphasis on scavenging vibrational energy with piezoelectric materials. This article will review recent literature in the field of power harvesting and present the current state of power harvesting in its drive to create completely self-powered devices.
Introduction
Over the past few decades the use of wireless sensors and wearable electronics has grown steadily. These electronics have all relied on the use of electrochemical batteries for providing electrical energy to the device. The growth of battery technology, however, has remained relatively stagnant over the past decade while the performance of computing systems has grown steadily, as shown in figure 1. The advancement in computing performance has also led to increased power usage from the electronics, which in the case of CMOS technology follows a linear increase in power with respect to computing speed. The increase in power used by the electronics has led to a reduction in battery life and has limited the functionality of the devices. In an effort to extend the life and reduce the volume of the electronics, researchers have begun investigating methods of obtaining electrical energy from the ambient energy surrounding the device.
Many environments are subjected to ambient vibration energy that commonly goes unused. Several methods exist for obtaining electrical energy from this source including the use of electromagnetic induction (for instance, see Glynne-Jones et al 2004), electrostatic generation (for instance, see Mitcheson et al 2004) , dielectric elastomers (for instance, see Kornbluh et al 2002) , and piezoelectric materials. While each of the aforementioned techniques can provide a useful amount of energy, piezoelectric materials have received the most attention due to their ability to directly convert applied strain energy into usable electric energy and the ease at which they can be integrated into a system. This energy conversion occurs because the piezoelectric molecular structure is oriented such that the material exhibits a local charge separation, known as an electric dipole. When strain energy is applied to the material it results in a deformation of the dipole and the formation of a charge that can be removed from the material and used to power various devices.
The strain-dependent charge output of piezoelectric materials has typically been used for sensor applications and can be found in a variety of different devices including accelerometers, microphones, load cells, etc. More recently, the concept of shunt damping was developed, in which the electrical output of the piezoelectric material is used for damping purposes rather than sensing (Lesieutre 1998) . Because a portion of the vibration energy is converted to electrical energy by the piezoelectric material, when it is dissipated through Joule heating, energy is removed from the system resulting in a damping effect. The concept behind shunt damping is also used in power harvesting; however, rather than dissipating the energy it is used to power some other device.
The rapid growth of research being performed in the field of power harvesting has resulted in significant improvements to various energy scavenging techniques. This article will present a review of the recent advances in power harvesting using piezoelectric materials since Sodano et al (2004b) published a review of the field in 2004, which the reader is referred to as an introduction. This article will cover various topics in power harvesting using piezoelectric materials, including the design of efficient harvesting geometries, improving efficiency through circuitry, implantable and wearable power supplies, harvesting of ambient flows, microelectromechanical devices, self-powered sensors and comparisons of piezoelectric materials to other energy harvesting media.
Improving efficiency and power generation through piezoelectric configurations
Piezoelectric materials can be configured in many different ways that prove useful in power harvesting applications. The configuration of the power harvesting device can be changed through modification of piezoelectric materials, altering the electrode pattern, changing the poling and stress direction, layering the material to maximize the active volume, adding prestress to maximize the coupling and applied strain of the material, and tuning the resonant frequency of the device. A large percentage of recent research in power harvesting with piezoelectric materials has focused on improving the efficiency of piezoelectric power harvesting systems. The following articles have all investigated ways to improve the efficiency of power harvesting by altering the configuration of the piezoelectric device in order to maximize the energy extracted from the ambient source. A review of these studies presents a wide variety of unique configurations, each of which proves to be advantageous under certain circumstances.
The type of piezoelectric material selected for a power harvesting application can have a major influence on the harvester's functionality and performance. To date, a number of different piezoelectric materials have been developed. The most common type of piezoelectric used in power harvesting applications is lead zirconate titanate, a piezoelectric ceramic, or piezoceramic, known as PZT. Although PZT is widely used as a power harvesting material, the piezoceramic's extremely brittle nature causes limitations in the strain that it can safely absorb without being damaged. Lee et al (2005) note that piezoceramics are susceptible to fatigue crack growth when subjected to high frequency cyclic loading. In order to eliminate the disadvantages of piezoceramic materials and improve upon their efficiency, researchers have developed and tested other, more flexible, piezoelectric materials that can be used in energy harvesting applications.
Another common piezoelectric material is poly(vinylidene fluoride) (PVDF). PVDF is a piezoelectric polymer that exhibits considerable flexibility when compared to PZT. Lee et al (2004 Lee et al ( , 2005 developed a PVDF film that was coated with poly(3,4-ethylenedioxy-thiophene)/poly(4-styrenesulfonate) [PEDOT/PSS] electrodes. They compared the PEDOT/PSS coated films to films coated with the inorganic electrode materials, indium tin oxide (ITO) and platinum (Pt) . When subjected to vibrations of the same magnitude over varying frequencies, it was found that the films with Pt electrodes began to show fatigue crack damage of the electrode surface at a frequency of 33 kHz. The ITO electrodes became damaged when operating at a frequency of 213 Hz. The PEDOT/PSS film, however, ran for 10 h at 1 MHz without electrode damage. One can conclude that, by utilizing a more durable electrode layer, a piezoelectric device can operate under more strenuous conditions. This may give the device the ability to harvest more power throughout its lifespan; however, the exact effect of a stronger electrode layer may vary depending on the specific application. Mohammadi et al (2003) developed a fiber-based piezoelectric (piezofiber) material consisting of PZT fibers of various diameters (15, 45, 120 , and 250 μm) that were aligned, laminated, and molded in an epoxy (Bent et al 1995) . This resulted in flexible composites with 40% of the volume consisting of aligned piezoelectric fibers and the remaining 60% made up of epoxy. Several samples were made in which several 34 mm × 11 mm rectangular plates of various thicknesses (1.2-5.8 mm) were diced from the composite such that the fibers were oriented in the plate thickness direction. The voltage output of the samples was tested by dropping a 33.5 g, 20 mm diameter stainless steel ball on them from a height of 10 cm. The peak power was also calculated considering a 1 M load resistance. A maximum voltage and power output of 350 V and 120 mW was obtained for the thickest transducer, 5.85 mm thick, with the smallest fiber diameter, 15 μm. Upon studying the relationship between voltage output of the harvester and its physical geometry, it was determined that thicker plates have the capability of larger fiber displacements, and that samples with smaller diameter fibers have the highest piezoelectric coefficient, d 33 and lowest dielectric constant defined in this study as K 3 , both of which contribute towards higher power outputs and more efficient systems.
Piezofiber power harvesting materials have also been investigated by Churchill et al (2003) who tested a composite consisting of unidirectionally aligned PZT fibers of 250 μm diameter embedded in a resin matrix. It was found that when a 0.38 mm thick sample of 130 mm length and 13 mm width was subjected to a 180 Hz vibration that caused a strain of 300 με in the sample, the composite was able to harvest about 7.5 mW of power. The results of this study show that a relatively small fiber-based piezoelectric power harvester can supply useable amounts of power from cyclic strain vibration in the local environment. Sodano et al (2004a) presented a comparison of several piezoelectric composite devices for power harvesting that are normally used for sensing and actuation. The power harvesting ability of the macro-fiber composite (MFC), quick pack IDE (model QP10ni), and the quick pack model (QP10n) actuators was tested. The MFC contains piezofibers embedded in an epoxy matrix which affords it extreme flexibility, and it utilizes interdigitated electrodes, which allow the electric field to be applied along the length of the fiber and act in the higher d 33 coupling mode, as shown in figure 2. A detailed explanation of the operation and of various applications of MFC devices is presented by Schönecker et al (2006) . The quick pack IDE contains interdigitated electrodes but conventional monolithic piezoceramic material, and the quick pack simply uses a traditional electrode pattern and a monolithic piezoceramic.
To experimentally compare the efficiencies of these materials, all three were mounted to the same cantilever beam and thus subjected to the same vibration input. Tests were run at the first 12 vibration modes of the beam and the power output, which was normalized to volume because of the varying sizes of the specimens, was recorded for each device. It was found that at all vibration modes the quick pack proved to be the most efficient by harvesting the most energy, and that the MFC and quick pack IDE, while comparable, harvested considerably lower amounts of energy. The conclusion was made that the interdigitated electrode pattern of the MFC and the quick pack IDE results in low-capacitance devices which limit the amount of power that can be harvested.
In a later study, Sodano et al (2005a) once again compared the efficiencies of three piezoelectric materials. The materials used in this study included a traditional PZT, a quick pack (QP) actuator, and the macro-fiber composite (MFC). Each specimen was excited at resonance, subjected to a 0-500 Hz chirp, and lastly exposed to random vibrations recorded from an air compressor of a passenger vehicle. The random vibrations recorded exhibited frequencies between 0 and 500 Hz. Both the power into the system and the power harvested by the piezoelectrics were measured in order to directly compute the efficiencies of each specimen. It was found that the efficiency of the PZT for each vibration scheme was fairly consistent (4.5% at resonance, 3.0% for a chirp, and 6.8% for random vibrations) and was higher than the other two devices. It was noted that the experimental configuration along with other factors varied between experiments so the efficiencies reported do not represent those of the actuators themselves, but simply present a comparison between the three actuators tested. The QP had efficiencies of 0.6% at resonance, 1.4% for a chirp, and 3% under random vibrations. The MFC had efficiencies of 1.75% at resonance, 0.3% for a chirp, and 1.3% for random vibrations. Again, these results suggest that the QP actuator is more efficient than the MFC, however, it is also concluded that the PZT is the most efficient of all three materials. A summary of the various piezoelectric materials discussed above can be found in table 1.
Flexible piezoelectric materials are attractive for power harvesting applications because of their ability to withstand large amounts of strain.
Larger strains provide more mechanical energy available for conversion into electrical energy. A second method of increasing the amount of energy harvested from a piezoelectric is to utilize a more efficient coupling mode. Two practical coupling modes exist; the −31 mode and the −33 mode. In the −31 mode, a force is applied in the direction perpendicular to the poling direction, an example of which is a bending beam that is poled on its top and bottom surfaces. In the −33 mode, a force is applied in the same direction as the poling direction, such as the compression of a piezoelectric block that is poled on its top and bottom surfaces. An illustration of each mode is presented in figure 3 . Conventionally, the −31 mode has been the most commonly used coupling mode: however, the −31 mode yields a lower coupling coefficient, k, than the −33 mode. Baker et al (2005) have shown that, for three different types of piezoelectric materials, the −31 mode has a lower coupling coefficient, k, than the −33 mode. Upon comparing a piezoelectric stack operating in the −33 mode to a cantilever beam operating in the 31 mode of equal volumes, however, it was observed that, although the stack was more robust and had a higher coupling coefficient, the cantilever produced two orders of magnitude more power when subjected to the same force. This result is due to the high mechanical stiffness in the stack configuration which makes straining of the material difficult. It was concluded that in a small force, low vibration level environment, the −31 configuration cantilever proved most efficient, but in a high force environment, such as a heavy manufacturing facility or in large operating machinery, a stack configuration would be more durable and generate useful energy. This result was also presented by Roundy et al (2003) who concluded that the resonant frequency of a system operating in the −31 mode is much lower, making the system more likely to be driven at resonance in a natural environment, thus providing more power.
R3
Analytically, Yang et al (2005) have shown that, for a piezoelectric plate operating in the −33 mode, the output power of the device is proportional to the coupling coefficient, k, and the dielectric constant, ε. This confirms that devices with higher coupling coefficients will produce more power and behave more efficiently. Also, through their analytical calculations it was shown that, when the driving frequency is near a resonant frequency of the system, the output power is significantly increased. This is because when a system operates at resonance, much higher displacements and strains are observed than when operating slightly above or below resonance. Richards et al (2004) present a similar study in which a general approach to establishing the relationship between the coupling coefficient, quality factor, Q, and the efficiency is presented. The quality factor, Q, is inversely proportional to the damping in an oscillating system caused by energy loss via heat transfer. A system with a high Q value, therefore, does not lose much energy to heat, thus more energy is available for harvesting through a piezoelectric device. Richards et al found that generally, high efficiencies can be achieved with moderate coupling coefficients but large quality factors are necessary for the reasons described above. It should be noted, however, that higher coupling coefficients do lead to greater efficiencies. It can be concluded that the quality factor of systems deployed in field applications is an important design issue in order to optimize the power harvesting ability of the system. Cho et al (2005a) continued the work presented by Richards et al (2004) by analytically optimizing the coupling coefficient in a piezoelectric power harvesting system and then testing the optimization scheme experimentally. First, an analytical model was created for a rectangular thin-film PZT membrane consisting of two layers, a passive elastic material and a piezoelectric material with a variable sized electrode on either side. Their model predicted that the coupling coefficient increases with electrode size and reaches a maximum when the electrode covers 42% of the membrane area. It was also found that the coupling coefficient can be increased by increasing the stiffness of the passive elastic layer and that an optimal piezoelectric layer thickness exists for each substrate layer thickness. Lastly, of all the process and design parameters, the residual stress was found to have the greatest effect on the coupling coefficient. Decreasing the residual stress in the device leads to significant gains in the coupling coefficient. Experimentally, Cho et al (2005b) show that an electrode coverage of about 60% proved to give the best coupling. Also, for a substrate thickness of 2 μm, increasing the PZT thickness from 1 to 3 μm increases the coupling coefficient by a factor of about four. Finally, for a membrane with an initial residual stress of 80 MPa, the coupling coefficient increased by 150% through reductions in the stress.
R4
Another method of changing the configuration of a system in order to improve its power harvesting capabilities is to add multiple pieces of piezoelectric material to the system. Many conventional systems consist of a single piezoceramic in bending mode, referred to as a unimorph. The design of such a unimorph cantilever beam is described by Johnson et al (2006) . Another common configuration is a bimorph, which consists of two bonded piezoelectrics in bending. Sodano et al (2004c) developed a mathematical model to predict the energy generated from a piezoelectric bimorph cantilever beam. Upon experimentally validating the model, a maximum error of 4.61% was found. Liao (2004, 2005) presented two types of bimorphs along with a unimorph piezoelectric harvester. The unimorph consisted of a single piezoelectric patch mounted to a metallic cantilever beam. The first bimorph, referred to as the series triple layer, consisted of two piezoelectrics with a metallic layer sandwiched between them. The piezoelectric patches were connected electrically in series. The second bimorph, called the parallel triple layer, was the same as the series triple layer except that the piezoelectrics were connected electrically in parallel. The configuration of each device can be seen in figure 4. Findings showed that under low load resistances and excitation frequencies the unimorph generated the highest power, under medium load resistances and frequencies the parallel triple layer had the highest power output, and under high load resistances and frequencies the series triple layer produced the greatest power. This result is due to the concept that maximum power transfer from the piezoelectric device occurs when the load resistance is matched to the impedance of the piezoelectric device. A series connection increases the device impedance, leading to more efficient operation at higher loads, as was found.
In a similar study, Mateu and Moll (2005) analyzed a homogeneous bimorph which contained two pieces of piezoelectric material bonded to each other, a heterogeneous bimorph that contained two pieces of piezoelectric material bonded on either side of a non-piezoelectric material that simply provided elastic function, and a heterogeneous unimorph that consisted of a single piezoelectric patch bonded to a non-piezoelectric beam. It was determined that, for harvesters with the same piezoelectric material volume, the heterogeneous unimorph generated the most power because the piezoelectric material was furthest away from the neutral bending axis, thus causing higher strains in the active material and greater energy generation. Jiang et al (2005) also investigated methods of increasing the efficiency of a piezoelectric bimorph. Their study involved modeling a cantilever bimorph with a proof mass attached to its end and using the model to determine the relationship between performance and physical and geometrical parameters. Results showed that, by both reducing the thickness of the bimorph's elastic layer and by increasing the proof mass attached to the end of the cantilever, the resonant frequency of the system was substantially decreased. The maximum power harvested was shown to be greater for lower resonant frequencies. Anderson and Sexton (2006) arrived at a similar conclusion when optimizing the physical and geometrical parameters of a similar bimorph. By varying the proof mass, length, and width, they discovered that changes to the proof mass had the largest effect on the power harvested by the system.
The work of Gurav et al (2004) focused on optimizing the power output of micro-scale piezoelectric cantilever harvesters. Taking into consideration the high tolerances on shapes and the large variation in material properties involved with micro-scale machining operations, an uncertainty-based design optimization technique was utilized to determine the best possible design parameters for a micro-scale cantilever power harvester. In order to avoid impossible designs, limits were set on each of the geometrical parameters to be optimized. The resulting geometry obtained from the optimization routine was analytically compared to the geometry of a baseline cantilever and a 30% increase in power output over the baseline design was found for the optimized geometry.
Another effective way to improve the energy output of a power harvesting device is to stack a large number of thin piezoceramic wafers together, called the stack configuration, with the electric field applied along the length of the stack. Platt et al (2005a) investigated power harvesting using approximately 145 PZT wafers stacked mechanically in series, but electrically in parallel, to form a 1.0 cm square stack with a height of 1.8 cm. A solid monolithic cylinder of PZT with a diameter of 1.0 cm and a height of 2.0 cm was tested for comparison. The monolithic cylinder had a low capacitance of about 47 pF and a very high open circuit voltage of around 10 000 V. The PZT stack, however, had an increased capacitance in the range of 1-10 μF and a decreased open circuit voltage of around 30 V. Through experimentation it was found that stacked and monolithic PZTs of the same geometry produce the same power if the load resistance is matched to the physical system, but that the matching load is in the k range for stacked configurations and in the G range for monolithic elements. It was concluded that both the voltage output and the matching resistive load are much more manageable in a PZT stack than in a monolithic configuration, thus making the stack a more useful option. the various devices discussed that use multiple piezoelectric patches. Similar to some of the stacked configurations using multiple pieces of piezoelectric material described above, Bayrashev et al (2004) have developed a method of piezoelectric power harvesting in which a piezoelectric patch is sandwiched between two magnetostrictive materials. When subjected to a magnetic field, the magnetostrictive material changes shape and causes the piezoelectric patch to strain and harvest energy. An experimental device containing a 0.5 mm thick, 7 mm diameter piezoelectric patch surrounded by two 1.5 mm thick, 7 mm diameter Terfenol-D discs was created and tested. The device was subjected to a low frequency magnetic field and was found to generate high voltages up to 285 V, and power in the range of 10-80 μW, depending on how far away the device was located from the magnetic field source. The overall efficiency of the device was found to be 3.1%.
The most commonly used geometrical configuration in piezoelectric power harvesting is the rectangular cantilever beam. The cantilever beam harvester has been well developed and has proven to be easy to implement and effective for harvesting energy from ambient vibrations. Various other geometries, however, have been studied in order to improve upon the conventional cantilever design and to better suit other power harvesting applications. Mateu and Moll (2005) presented a brief analytical comparison between a rectangular cantilever and a triangular shaped cantilever with the large end clamped and the small end free. It was proven mathematically that a triangular cantilever with base and height dimensions equal to the base and length dimensions of a rectangular beam will have a higher strain and maximum deflection for a given load. Higher strains and deflections in piezoelectric materials translate to higher power outputs; therefore, a triangular cantilever beam will produce more power per unit area than a rectangular beam.
Additionally, suggested that, with an increasingly trapezoidal shaped cantilever, the strain can be more evenly distributed throughout the structure as opposed to a rectangular beam that contains a non-uniform strain distribution. Also stated was that, for the same volume of PZT, a trapezoidal cantilever can generate more than twice the energy than a rectangular beam. Continuing the work of , Baker et al (2005) experimentally tested a nearly triangular trapezoidal cantilever against a rectangular cantilever of the same volume and determined that the trapezoidal beam produced 30% more power than the rectangular beam. It was concluded that, by using a trapezoidal configuration, a smaller and less expensive harvester could be used to satisfy a given power requirement.
Rather than altering the profile of the conventional rectangular cantilever, Mossi et al (2005) changed the end constraints on the beam and created a so-called 'unimorph prestressed bender'. This is an initially curved, arc shaped, rectangular piezoelectric device that elongates when a force is applied to the top of the arc. The elongation causes strain in the active material which produces a voltage. The device is simply supported and allows for movement only in the lateral direction. Typically, these devices are used as actuators; however, research (Kymissis et al 1998 , Yoon et al 2005 has shown that they are capable of producing useable energy as power harvesters. The effects of varying different physical parameters of the prestressed bender mentioned in this study are presented. The conductivity of the adhesive layer between the piezoelectric material and the passive metal layer, the thickness of the PZT layer, the thickness and type of the metal layer, and the width of the device were investigated. Varying the metal thickness and type had a significant effect on the amount of curvature of the beam, also known as dome height. Larger dome heights correspond to larger strains and energy generation when the harvester is compressed, thus altering the metal thickness and type can affect the power output of the bimorph. The most notable increase in power generation occurred, however, when the conductivity of the adhesive layer was increased by adding nickel particles. This resulted in a 15.2% increase in the energy produced. Danak et al (2003) also researched ways to optimize the design of an initially curved PZT unimorph power harvester. A mathematical model was created that predicts the power output of the device. From this model, relationships between generated charge and initial dome height, substrate thickness, PZT thickness, and substrate stiffness were established. It was found that increasing the dome height gave the greatest increase in charge output. Increasing the substrate and PZT thickness both gave higher charge outputs; however, increasing the substrate thickness had a greater effect than increasing the PZT thickness. Lastly, it was found that, by increasing the stiffness of the substrate, more charge could be generated.
In a subsequent study, Yoon et al (2005) not only investigated the effects of altering the initial dome height, substrate thickness, and substrate stiffness, but also studied the effects of beam width and length, and experimentally tested various configurations of unimorph benders to validate the mathematical findings. Analytically, it was confirmed that increasing the initial dome height, substrate thickness, and substrate stiffness all yield higher charge output. Additionally, research showed that increasing both the width and length of the unimorph helped increase charge output, but that increasing the width is more effective than increasing the length. Experimentally, nine PZT unimorph samples were fabricated in which length and substrate thicknesses were varied. Although it was not possible to vary all of the parameters that were analytically examined, the experimental results showed good correlation with the predicted results, thus validating the model used in this study. The conclusion can be made that prestressed unimorph PZT power harvesters will be more efficient when the dome height, substrate thickness, substrate stiffness, length, and width are increased.
Similar to the studies conducted on initially curved unimorphs, Baker et al (2005) developed a novel configuration in which a piezoelectric beam is compressed and fixed at both ends with pin connections. The beam is loaded up to the critical buckling load. The so-called 'bi-stable' device generates power by snapping from one stable mode to another. Experimentally, the same beam was tested in both the bi-stable, compressed configuration and in a non-compressed pin-pin supported configuration. Experimental results show that the bistable beam has a wider range of performance as the excitation frequency is changed, and that it consistently has 30%-100% more available power than the uncompressed beam.
The above research has focused on energy generation using rectangular or trapezoidal configurations. Research has also been conducted on harvesting from circular shaped piezoelectrics. Ericka et al (2005) have investigated ways to maximize the power output from ambient vibrations through the use of a unimorph membrane transducer. The unimorph consists of a circular brass layer with a slightly smaller circular PZT layer of 25 mm diameter bonded to its surface. The brass disc is attached to the inside face of a thick aluminum ring for support. When subjected to a 2g acceleration force at various frequencies, the membrane transducer was found to produce a voltage of 24 V at its resonance frequency of 2.58 kHz, through a load resistance of 1 M . A maximum power output of 1.8 mW was obtained under the same 2g acceleration but with a matched load of 56 k . Also, by increasing the magnitude of the acceleration on the device, more power was harvested. The experimental results of this study show that the power harvested from a unimorph membrane transducer can be increased by operating at the resonant frequency of the device, by subjecting the device to high accelerations, and especially by matching the electrical load resistance. Kim et al (2005a) investigated the use of clamped circular plates to be used in harvesting power from pressure sources. This initial study focused on analytically modeling a clamped circular plate consisting of a piezoelectric layer bonded to a substrate layer of identical diameter. Analysis was done on the effects of varying the thickness ratio of piezoelectric material to substrate material, and also on the effects of varying the electrode pattern of the piezoelectric. In a subsequent study by Kim et al (2005b) , the analytical results of altering the electrode pattern were tested experimentally, and it was found that a plate with part of the electrode surface repoled to provide reverse polarity from the unmodified section produced the greatest power output. A plate repoled beyond a radius of 0.707a, with a being the total radius of the plate, proved to be the most efficient, producing 28 mJ of energy. Kim et al (2004) developed a novel circular configuration for power harvesting called a piezoelectric 'cymbal' in which two dome-shaped metal end-caps are bonded on either side of a piezoelectric circular plate, as shown in figure 5. By using cymbal end-caps, the stress applied to the piezoelectric material when compressed is more evenly distributed than in a conventional stack configuration. By distributing the stress throughout the piezoceramic material, the efficiency of the power harvester is increased as a larger amount of the material is actively generating energy. End-caps also allow greater forces and higher frequency loads to be applied to the structure, both of which help increase the power output. Under a force of 7.8 N at a frequency of 100 Hz, a 29 mm diameter, 1 mm thick piezoelectric plate with steel end-caps 0.3 mm thick, 17 mm in diameter, and 1 mm tall produced 39 mW of power into a load of 400 k . In a follow-up study, Kim et al (2005) subjected a cymbal transducer of 29 mm diameter, 1.8 mm thickness with 0.4 mm thick steel end-caps to a 70 N force at 100 Hz. The harvester generated 52 mW of power into a load of 400 k . Results show that cymbal transducers are capable of withstanding high force applications while producing useable power. A summary of the various piezoelectric geometries reviewed is presented in table 3.
One final method of improving the efficiency of piezoelectric power harvesters involves tuning the device so that its resonant frequency matches the frequency of ambient vibrations. Cornwell et al (2005) investigated the concept of attaching a tuned auxiliary structure, similar to a vibration absorber, to a host structure to maximize the mechanical energy available to the harvester in order to enhance power harvesting efficiency. Analytically, it was shown that the auxiliary structure should be tuned to the frequency of the most dominant vibration mode of the host structure and placed at the location of maximum displacement for that mode. Also, it was found that the length of the auxiliary structure should be maximized and that a lower elastic modulus helps to increase the deflection in the beam, thus improving power output. Experimentally, a conventional piezoelectric harvester was attached to a host structure and produced 0.057 V. A mistuned auxiliary structure was then used and a voltage output of Trapezoidal cantilever Trapezoidal configuration allows strain to be evenly distributed increasing efficiency Baker et al (2005) Rectangular cantilever and trapezoidal cantilever
Trapezoidal beam produced 30% more energy than rectangular Mossi et al (2005) Unimorph prestressed bender Initially curved shape can help improve harvesting capability Danak et al (2003) Initially curved PZT unimorph Initially curved shape can help improve harvesting capability Yoon et al (2005) Initially curved PZT unimorph Initially curved shape can help improve harvesting capability Baker et al (2005) 'Bi-stable' pin-pin connected initially compressed beam 'Bi-stable' device has wider range of performance versus excitation frequency than an uncompressed beam Ericka et al (2005) Unimorph circular membrane Capable of harvesting energy from high accelerations Kim et al (2005a Kim et al ( , 2005b Clamped circular plates Capable of harvesting energy from fluctuating pressure sources Kim et al (2004) Piezoelectric 'cymbal' Improved efficiency through load distribution. Capable of withstanding high loads 0.133 V was measured. Lastly, a tuned auxiliary structure was used and 0.335 V was measured. The voltage increase by five times corresponds to an output power increase of 25 times. It was concluded that an auxiliary structure, even when mistuned, can significantly increase power harvesting capabilities. Roundy and Zhang (2005) further developed the idea of tuning the resonant frequency of a piezoelectric device to match the frequency of ambient vibrations. The concept of active self-tuning was explored. Active self-tuning is defined as a process in which power must be continually applied to the system to achieve resonant frequency matching. Passive self-tuning, on the other hand, only requires power to be supplied initially in order to tune the structure and then power is turned off while maintaining the new resonant frequency. Through mathematical modeling, it was shown that an active actuator that tunes the natural frequency of the system by either altering the stiffness or mass of the system will never result in a net increase in electrical power output. This discovery assumes that the system is well represented by the secondorder model developed by Williams and Yates (1995) . In order to validate this conclusion, a PZT generator with an active tuning electrode was created in which the stiffness of the device could be altered by varying the voltage applied to the tuning electrode. When testing the device, it was found that, although the tuning circuit was able to alter the resonant frequency of the device, the power required to tune the frequency far outweighed the increase in power output. These results validated the conclusion that an active self-tuning device will never result in an increase in energy generation. It was suggested that passive self-tuning actuators be investigated for improving the efficiency of piezoelectric power harvesting.
In a similar study, Wu et al (2006) created an actively tuned power harvesting system in which the resonant frequency of a bimorph actuator was altered through the use of a microcontroller. The proposed technique implements tuning circuitry attached to the upper piezoelectric element in the bimorph, and harvests energy from the lower piezoelectric element. A microcontroller capable of altering the value of its capacitive load is attached to the top piezoelectric element. By varying the capacitive load, the effective stiffness of the beam can be altered. Analytically it was estimated that a cantilever bimorph excited by a shaker could see an increase in power output of up to 30%. The technique was experimentally validated by attaching a cantilever bimorph actuator to a vibration shaker and attaching a microcontroller to the cantilever. When subjected to a random frequency excitation, the average power output of the device increased by 27.4% when the tuning circuitry was used. This result does not take into consideration the additional power requirements associated with the operation of the microcontroller. It was noted, however, that some existing microcontrollers use only microwatts of power, and that these controllers would be best suited for this application.
In order to create a completely passive system, Shahruz (2006a Shahruz ( , 2006b ) designed a power harvesting device capable of resonating at various frequencies without the need for adjustment. The device consisted of multiple cantilever beams with various lengths and end masses attached to a common base. Each cantilever had a unique resonant frequency, the combination of which into a single device created a so-called 'mechanical bandpass filter.' By properly selecting the length and end mass of each beam, some of which had no end mass, the overall device was designed to have a wide band of resonant frequencies. An analytical model was developed to assess both the performance and limitations of the device. It was found that a limited frequency band exists in which the device optimally converts ambient vibrations into electrical energy. Although the power harvesting device was analyzed analytically, a physical device was not created and an experimental validation was not performed, therefore, the true performance of the device was not measured. When compared to alternative tuning methods, the 'mechanical bandpass filter' operates efficiently over a large frequency range, however, the device requires an array of piezoelectric cantilever beams, resulting in a significant increase in both size and cost. Additionally, a more complex electric circuit may be necessary to extract energy from each piezoelectric beam. Rastegar et al (2006) investigated another method of designing a passive system. A two-stage energy harvesting design was suggested in which energy from systems that vibrate with very low frequencies, in the 0.2-0.5 Hz range, can be converted into potential energy in the first stage, and then transferred to a system with a much higher natural frequency in the second stage. One example of such a two-stage system is shown in figure 6 , where the low frequency vibration energy of the mass is transferred to high frequency vibrations in the piezoelectric elements as the mass passes over and excites the piezoelectric cantilevers. Advantages of this method include the possible implementation of power harvesting devices on systems with very low frequency vibrations, and eliminating the need to tune the resonant frequency of the piezoelectric device to match that of its host. The research, however, only presents the design method and does not perform any experimental tests to validate the method. The main challenge in designing an effective two-stage system is the method of transferring energy from the first stage to the second stage while minimizing energy losses from friction and impact. It is proposed that systems without physical contact, such as those using magnets to transfer energy, be investigated. Table 4 presents a summary of the various tuning schemes used to improve the efficiency of piezoelectric power harvesting.
Improving efficiency and power generation through circuitry and method of power storage
In addition to improving power harvesting efficiency and energy generation capabilities through altering the configuration of the device, recent research has also focused on modifying the power harvesting circuitry and storage medium as a means for improvement. The following research studies have investigated various ways to alter the electrical circuit that extracts and stores energy from a piezoelectric device. The power storage capabilities of different storage media are also discussed. Liao (2004, 2005 ) developed a power harvesting circuit to extract energy from a cantilever beam piezoelectric harvester. It was found that the instantaneous power harvested by the piezoelectric device was too small to be used in practical applications so a power harvesting circuit was developed that releases the energy in so-called 'burst mode.' The energy generated by the piezoelectric material is first rectified with a diode and then stored in a reservoir capacitor. A voltage monitoring circuit is connected to the reservoir capacitor and releases energy from the capacitor in burst mode. The circuit senses the voltage across the reservoir capacitor and allows the capacitor to discharge through the load once a certain high voltage level, called the release voltage, is detected. Additionally, the circuit stops allowing the capacitor to discharge once the voltage reaches a certain low level, called the detect voltage. The power harvesting circuit operating in burst mode was found to have an efficiency of 46%. In a similar study, Tayahi et al (2005) investigated piezoelectric power harvesting circuitry to be used in low frequency applications such as walking. A circuit was developed that contained a rectifier, bucket capacitor, and a Linear Technologies LTC1474 voltage regulator that supplied voltage to the load. Conceptually, the high efficiency of the converter should help improve the efficiency of the harvesting circuit: however, the circuit was only discussed and not tested. Han et al (2004) studied ways to extract power efficiently from a micro-scale piezoelectric generator. The power harvesting circuit developed consisted of two stages: a rectifier, followed by a DC-DC converter. A charge pump type DC-DC converter was chosen because it consists of capacitors and MOSFETs (metal oxide semiconductor field-effect transistor), which can easily be incorporated onto a single chip, and because of the capacitive nature of piezoelectric devices which allows them to output a high voltage with low current. A synchronous rectifier was used in the first stage to improve efficiency. When analytically and experimentally compared to the traditional diode-resistor pair rectifier, the synchronous rectifier extracted over 400% more power. The increase in power takes into consideration the energy requirements of the comparators that must be used in the synchronous rectification scheme. The efficiencies of the rectifiers were also experimentally obtained. The standard diode-resistor pair rectifier had an efficiency of 34%. By utilizing a synchronous rectifier, the efficiency was increased to 92% when the circuit was actively harvesting vibration energy. The potential back flow of energy from the storage medium to the system components when the system is idle was not discussed, but could have an effect on the overall efficiency of the synchronous method. Shenck and Paradiso (2001) investigated ways to improve the efficiency of a power storage circuit for use with shoemounted piezoelectric generators. The circuit was designed to provide sufficient power to operate a radio frequency tag mounted in a shoe, capable of transmitting a short-range identification code during walking. Initially, a circuit utilizing a linear regulation scheme was designed and tested. Although the initial circuit was found to be simple and require low power while idle, it was inherently inefficient. In an effort to increase the efficiency of their power harvesting circuit, an offline, forward-switching DC-DC converter was developed, consisting of inexpensive, readily available components. It was noted that for a shoe harvester that is mostly capacitive with a low excitation frequency, a resonant shunting circuit would be most ideal. Resonant shunting of this low frequency source, however, would require an inductance on the order of 10 5 H, Auxiliary structure can greatly increase the power generated from a vibrating host. Structure must be precisely tuned for maximum power generation Roundy and Zhang (2005) Active self-tuning structure Power required to actively tune the device is more than power harvested by device Wu et al (2006) Active self-tuning bimorph actuator Average power increased by 30% when half of the piezoelectric device was altered through tuning circuitry. This result does not take into consideration the power consumption of the tuning circuitry Shahruz (2006a Shahruz ( , 2006b Mechanical bandpass filter system with multiple piezoelectric cantilevers tuned to different frequencies
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Effective over a large frequency range Requires multiple piezoelectric patches, most of which remain inactive at a given frequency Rastegar et al (2006) Two-stage vibrating mass system Capable of converting low frequency vibration to high frequency resonant vibration of piezoelectric cantilevers which is not practical. Instead, a switching converter was developed. A detailed description of the converter design and operation is presented in the literature. When experimentally tested and compared to the original linear regulator circuit, the switching converter proved to harvest power more efficiently from the piezoelectric device. The switching circuit operated at an efficiency of 17.6%, more than twice the efficiency of the linear regulator. Additionally, the switching circuit provided power continuously during walking. The research of both Ottman et al (2002) and Lesieutre et al (2004) involves improving the efficiency of power harvesting through implementation of a switching DC-DC step-down converter in the power harvesting circuit. The research investigates the effects of optimizing the duty cycle of the converter for a given excitation frequency. It was shown that the optimal duty cycle value changes drastically with excitation frequency. A step-down converter was chosen because the piezoelectric voltage is often very high and it must be reduced to a lower level that can be accepted by a battery or an electronic load. The converter presented operates in two stages. At high excitation frequencies, the converter is activated and a constant, near-optimal duty cycle is used. At low excitations, the optimal duty cycle varies considerably, and the power consumed by the converter circuitry overcomes the power harvested from the piezoelectric, so the converter is bypassed and the battery is charged directly from a rectifier circuit. Both analytical and experimental tests gave an optimal duty cycle of 2.8% for their system. When testing the performance of the step-down converter, it was found that, when using the optimal duty cycle of 2.8%, the converter outperformed the direct charging method at any excitation that produces above 25 V on the piezoelectric. The efficiency of the step-down converter was calculated to be between 0% and 70%, depending on excitation frequency. A maximum efficiency of 70% was found for excitations producing 48 V, and the converter harvested energy at over three times the rate of direct charging when operating at this point.
The work of Ottman et al (2002) and Lesieutre et al (2004) was further developed by Ammar et al (2005) who created an adaptive algorithm for controlling the duty cycle of a DC-DC buck converter. Again it was noted that the optimal duty cycle of the buck converter is related to the excitation frequency of the system. In order to improve the efficiency of their energy harvesting circuit, an adaptive algorithm that actively changes the duty cycle of the converter during operation was implemented. The proposed algorithm starts with an initial low duty cycle value and measures the current flowing into the battery. The controller then increments the duty cycle value and each time the duty cycle is incremented, the current flowing into the battery is measured and compared to the previously obtained current measurement. If the change in duty cycle results in an increase in current, the duty cycle is again increased. The process continues until the increased duty cycle no longer gives an increased current flow. A prototype circuit was developed and tested. When comparing the battery charge versus time for the adaptive circuit to a constant duty cycle converter, it was found that the adaptive circuit leads to a faster charge accumulation on the battery. However, the effects of the power draw from the adaptive circuitry were not investigated.
A self-adaptive power harvesting circuit has been developed by Lefeuvre et al (2005b) in which extraction of electric charge from a piezoelectric device is synchronized with the system vibration in order to improve the efficiency of the energy transfer process. The technique is termed 'synchronous electric charge extraction'. The circuit used for this synchronous extraction contains a rectifying diode bridge and a flyback switching mode DC-DC converter. A control circuit is able to sense the voltage across the diode rectifier and, when that voltage reaches a maximum, the flyback converter is activated and charge is transferred to the battery. When the electric charge on the piezoelectric has been completely extracted, the control circuit deactivates the converter and stops energy transfer. The process continues when the next voltage maximum is detected, thus synchronizing the charge extraction with the mechanical vibrations of the system. When tested experimentally against a linear impedance-based converter design, the synchronous converter increased power transfer by over 400%. The flyback converter was found to have an efficiency of 70%. In similar studies, Lefeuvre et al (2004) , Badel et al (2005) , and Guyomar et al (2005) investigate another method of synchronizing the electric charge extraction from a piezoelectric element with the vibrations of the system. The new technique is called 'synchronous switch harvesting on inductor' (SSHI), and is based on nonlinear processing of the piezoelectric voltage. The SSHI circuit contains an electronic switching device that is triggered on the maximum and minimum displacements of the piezoelectric device. The switching device and an inductor in series are placed in parallel with the piezoelectric before the rectifying diode bridge. After the diode bridge, a capacitor is placed in parallel with the battery. A circuit diagram of the SSHI system is shown in figure 7 . Similar to the synchronous electric charge extraction technique described by Lefeuvre et al (2005b) , the switching device closes on a displacement maximum, allowing charge to be transferred to the battery. Once the voltage on the piezoelectric element has been reversed, signaling that all of the charge has been removed, the switch is opened and energy transfer is stopped. The SSHI technique was both analytically and experimentally compared to a standard circuit containing only the diode bridge rectifier and capacitor. Results show that the SSHI circuit is capable of delivering a 400% increase in efficiency over the standard circuit.
In subsequent studies, Lefeuvre et al (2005a Lefeuvre et al ( , 2006 ) considered an adaptation of the SSHI technique developed by Lefeuvre et al (2004) and Badel et al (2005) . The electrical configuration of the switching device connection to the piezoelectric material was altered to investigate the effects of the change on the efficiency of the circuit. In these studies, the switching device was first placed in series with the piezoelectric material. The new technique is called series-SSHI. The configuration which places the switching device in parallel with the piezoelectric is renamed parallel-SSHI. Both SSHI techniques are compared to each other, to a standard circuit containing a diode bridge and a filter capacitor, and to the synchronous electric charge extraction technique described previously. In an experimental study, the performances of all four techniques were compared under two conditions. First, a constant force amplitude excitation was applied to the piezoelectric. Second, a constant displacement amplitude excitation was applied. Under each test, both the load resistance and the coupling coefficient, k 2 , were varied. Under a constant force excitation, all of the techniques gave the same maximum power output. The power obtained from the synchronous electric charge extraction technique, however, was not affected by the load resistance. Additionally, that technique gave the maximum power output with the lowest coupling coefficient, meaning a more efficient system. Under a constant displacement amplitude excitation, both SSHI techniques generated up to 15 times more power than the other techniques when the resistive load was matched to the system. Although both SSHI techniques harvested about the same maximum power, the matching resistive load of the series-SSHI technique was about four orders of magnitude lower than that of the parallel-SSHI technique. It was concluded that, under a constant force excitation environment, the synchronous electric charge extraction method will be the most efficient, and under a constant displacement excitation environment, the parallel and series-SSHI methods have the highest efficiency when resistive loads are matched.
In addition to developing more efficient means of removing charge from the piezoelectric device, researchers have also studied the device that the energy is accumulated or stored in. Ayers et al (2003) developed a piezoelectric power harvesting device and used the device to charge both a capacitor and a battery. The piezoelectric device was subjected to a 1 kN load following a sawtooth pattern at 0.66 Hz. When charging the capacitor, a linear relationship between voltage increase on the capacitor and the number of cycles was found. Charging a Panasonic ML616 rechargeable battery revealed a decreasing exponential voltage trend with the number of cycles. No direct comparisons between storage methods were presented. Sodano et al (2005b) compared the storage capabilities of a capacitor and a nickel metal hydride battery. A PZT patch subjected to random vibration correlated to the vibrations found on an automotive air compressor was used to charge the capacitor and the battery. The random vibrations ranged from 0 to 1000 Hz. A relatively complex charging circuit was used to charge the capacitor, however, a simple full bridge rectifier and filter capacitor were used to charge the battery. The capacitor circuit used was similar to that developed by Kymissis et al (1998) and was demonstrated to function properly under the random vibration applied to the piezoelectric device. It was also shown, however, that the capacitor rapidly discharged, resulting in the output of the circuit to be high frequency pulses. When charging the battery, it was found that a voltage level of 1.2 V could be obtained in a 40 mA h battery in a few hours. The advantage of using the capacitor to store energy harvested by the piezoelectric is that the energy can be used almost instantaneously. Conversely, the battery takes a few hours to charge, however, the power stored in a battery does not have to be used immediately, but can be stored for later use. Additionally, a battery can deliver a constant power supply, unlike the capacitor. Lastly, the capacitor-based storage system described in this study, like many existing systems, must experience constant vibrations to supply power to a load, whereas a charged battery system can supply power even when no vibrations are present.
A later study conducted by Guan and Liao (2006) further investigated capacitors and rechargeable batteries as a means of storing energy generated by a piezoelectric device. The study involved comparing an electric double layer capacitor (EDLC) type supercapacitor, capable of storing hundreds of times more energy per unit volume or mass than a conventional capacitor, a nickel metal hydride rechargeable battery, and a lithium ion rechargeable battery. First, the charge-discharge efficiency was calculated for each storage medium. It was found that, at higher activation levels, each medium performed more efficiently compared to lower activation levels. Additionally, the supercapacitor observed the highest efficiency under all activation levels, with a maximum efficiency of 95%. The lithium ion battery was only slightly less efficient than the supercapacitor, yielding a maximum efficiency of 92%. The nickel metal hydride battery was least efficient with a maximum efficiency of 65%.
The lifetime of each storage medium was also compared and it was concluded that both types of rechargeable batteries have limited lifecycles in the 300-1000 cycle range, where supercapacitors have virtually unlimited lifecycles. There are, however, disadvantages of using supercapacitors as opposed to rechargeable batteries. The self-discharge rate, for example, is higher in supercapacitors. After ten days the capacity drops from full charge to 85% of full charge. After 30 days, the voltage drops to 65% of full charge. Nickel metal hydride batteries drop to 70% in 30 days, and lithium ion batteries only drop to 95% in 30 days. Additionally, supercapacitors have much lower energy densities than rechargeable batteries. Nickel metal hydride batteries have energy densities on the order of 60-80 Wh kg −1 , lithium ion batteries have densities around 120-140 Wh kg −1 , while supercapacitors have densities of 1-10 Wh kg −1 . It was concluded, however, that overall, supercapacitors are more attractive than rechargeable batteries because of their higher charge-discharge efficiencies and longer lifetimes, especially when the self-discharge rate is not significant because of constant charging, as in many power harvesting applications.
Implantable and wearable power supplies
As computer technology becomes increasingly integrated into various aspects of human life, the concept of harvesting the energy lost during everyday activities has become more appealing. The size and power requirements of both portable electronic devices including personal digital assistants and digital music players, as well as biomedical devices such as pacemakers have been rapidly decreasing. With this decrease has come an increase in the feasibility of harvesting electrical energy from the human body to power these devices. Batteries have typically been used to power portable electronics, however, battery technology has been one of the most lagging trends in mobile electronics. Starner and Paradiso (2004) showed that, from 1990 to 2003, battery energy density in mobile computing has only increased three-fold whereas other areas such as disk capacity, processor speed, and available memory have increased over 250 times. The slow evolution of battery technology has increased many researchers' interests in developing power harvesting systems that utilize the energy lost in everyday human life.
When designing a human powered energy harvesting system, one must first consider the available energy sources involved with various human activities. González et al (2002) present an overview of the various sources of mechanical energy available in the human body. They classify human activities into two categories: continuous activities such as breathing and blood flow, and discontinuous activities like walking and upper limb movement. A large amount of research in biomechanical power harvesting has investigated discontinuous activities. According to González et al (2002) , finger movement when typing on a keyboard can generate up to 19 mW of power, upper limb motion can generate 3 W of power during normal activity, and walking can generate 67 W of power at a pace of two steps per second. Continuous activities, on the other hand, generate considerably less power. Blood flow can generate 0.93 W: however, only a small portion of this can be harvested without adversely affecting the heart. Additionally, chest expansion during breathing can generate 0.83 W of power. Niu et al (2004) also investigated the energy available through several human body motions. Their research included movements such as joint motion, whole-body center mass motion, walking, and heel strike. It was found that ankle, knee, hip, elbow, and shoulder motion can generate up to 69.8 W, 49.5 W, 39.2 W, 2.1 W, and 2.2 W, respectively. Wholebody center mass motion, which assumes that a mass is being carried and follows the same trajectory as that of the center of mass of a human, can generate 1 W of power. Lastly, it was reported that heel strike was capable of supplying 2 W of power at a pace of two steps per second. Upon evaluating the potential energy sources, the researchers determined that heel strike would be the best candidate mainly because of the ease of incorporating a piezoelectric power harvester into a shoe. Theoretical calculations were performed and results showed that a PVDF plate inserted into a shoe that acts in compression mode would generate 16 μW at 544 V, and a PZT plate would generate 14 μW at 45 V. These low output power values caused a focus to be placed on heel strike utilizing the bending mode: however, difficulties in translating energy from the foot to the piezoelectric caused minimal improvements to be seen.
The research of Renaud et al (2005) focused on the possibility of harvesting power from wrist and arm motion during walking. Upon investigations, it was determined that a spring mass resonant system is not well suited for arm harvesting because of the low frequency of motion involved with arm movement. A non-resonant system, therefore, was proposed. This system contained a mass that slides freely inside a frame, and at either end of the frame there are piezoelectric cantilever beams that harvest energy as the frame vibrates from the impact of the mass. Although the system was not built, analytical modeling showed that a maximum of 40 μW of power would be produced when positioned on the wrist of a person walking.
In addition to analyzing the energy available from human activities, many researchers have modeled and experimentally tested human powered energy harvesting systems. Sohn et al (2005) both theoretically modeled, validated through the finite element method, and experimentally tested a film-based piezoelectric power harvester that uses fluctuating pressure sources such as blood flow to harvest energy. Several square and circular PVDF films were modeled using the finite element method, and it was found that a maximum power output of 0.61 μW was generated for a circular sample with a radius of 5.62 mm and a thickness of 9 μm when subjected to a 5333 N m −2 (almost the same magnitude as human blood pressure) uniformly distributed pressure. In comparing the maximum power output obtained via finite element analysis to theoretical results, the error was less than 8%. Finally, an experimental apparatus was created that contained a circular PVDF film with a thickness of 28 μm placed in an aluminum jig that contained both an inlet and an outlet port allowing fluid to be pumped in and out of the jig. The film was subjected to a sinusoidal pressure of 5333 N m −2 at 1 Hz and generated 0.33 μW of power. Calculations were carried out that showed a chip requiring 10 mW of power to transmit data such as DNA information could be operated twice a day when powered by a circular plate. Platt et al (2005a) developed an in vivo piezoelectric harvester and sensor to be used in self-powered total knee replacement units. The piezoelectric units are capable of both sensing important phenomena in the knee such as abnormally high forces exerted on the joint, degradation, and misalignment, as well as providing the necessary power to run the sensing circuitry. An experimental model was created that incorporated both sensing and power harvesting capabilities into a total knee replacement unit. Tests were performed on the set-up shown in figures 8 and 9 using a standard 2600 N force profile to simulate the axial force in the knee during normal walking. A maximum of 4 mW of raw power and 0.85 mW of regulated power was generated. The power harvested by the unit proved to be enough to satisfy the power requirement of an internal microprocessor capable of transmitting valuable information about the condition of the unit. A subsequent study by Platt et al (2005b) showed that, by subjecting the total replacement knee unit to a 900 N standard force profile, about 4.8 mW of continuous raw power was generated by combining three stacks, each of approximately 145 layers of piezoelectric material, into the unit. The output power was proven to be capable of powering many existing low-power microprocessors and sensors.
Perhaps the most common type of human powered energy generation involves implanting piezoelectric material into shoes. Shoe inserts are attractive not only because of their ability to convert everyday human activity into useful energy, but because of their ease of implementation. Mateu et al (2003) modeled and experimentally tested two piezoelectric films inserted into a shoe. The films were connected in parallel for increased charge generation. When subjected to a stress corresponding to that produced by a human weighing 68 kg during normal walking conditions and connected to a 500 k load, the analytical model and experimental data show good correlation. The results indicated that approximately 18 μW of power could be generated under these conditions.
In a later study, Mateu and Moll (2005) worked to obtain an optimized configuration of bending beams in shoes. Their research involved examining the combination of materials used to create the piezoelectric harvester as well as the coupling mode and shape of the harvester. A homogeneous bimorph, heterogeneous bimorph, and a heterogeneous unimorph were compared in the −31 and −33 coupling modes, with distributed and point loads, and with both rectangular and triangular shapes. Their study involved testing various PVDF films arranged in different configurations and it was found that a heterogeneous unimorph with a distributed load applied to a simply supported triangular beam provided the greatest power output.
In addition to investigating PVDF film in bending mode, Shenck and Paradiso (2001) also researched harvesting the energy lost during heel strike using prestressed PZT unimorphs. Their research focused on implementing effective power harvesters into shoes while maintaining the design and comfort of the shoe. When testing the so-called PVDF 'stave,' it was implanted into the front of an athletic shoe because of the shoe's toe flexibility. The average power delivered by the stave to a 250 k load at a 0.9 Hz walking pace was 1.3 mW. The PZT unimorphs working off heel strike energy, on the other hand, were implemented into a US Navy work boot because of the boots' rigid heel cup. The so-called PZT dimorph, consisting of two initially curved unimorphs in a clam shell configuration, produced 8.4 mW of power into a 500 k load. The PVDF stave and the PZT dimorph are illustrated in figure 10 . In order to demonstrate the feasibility and usefulness of energy harvesting in shoes, a self-powered radio frequency (RF) tag was created and was shown to operate successfully when installed into the shoe. The tag was capable of transmitting a short-range 12-bit wireless identification (ID) code during walking.
Harvesting ambient fluid flows
Traditionally, piezoelectric power harvesting devices have been used to convert the ambient vibrations of a host structure into electrical energy. This requires the piezoelectric device to be securely attached to the vibrating host structure. Research has also been performed that investigates the possibility of converting energy from ambient fluid flows into useful electrical energy. The method still uses vibration of the piezoelectric material to generate electrical energy but converts fluid flow into vibration through vortices, oscillating flows, and rotational energy. The following studies discuss two ways in which fluid flows can act as an energy source for piezoelectric power harvesting devices.
One potential energy source is wind current. Windmills have been used to harvest energy for many years. The concept of using wind to apply strain to piezoelectric elements, however, is fairly new. Priya et al (2005) designed and tested a piezoelectric windmill energy harvesting device. The device contains a conventional fan that rotates when wind currents are present. The output shaft of the fan is connected to a cam system which is then connected to the input shaft of the piezoelectric windmill. The windmill consists of 12 piezoelectric bimorphs arranged in a circular array. One end of each bimorph is fixed while the other end is placed in contact with a rubber stopper connected to the input shaft of the windmill. When the fan rotates, the cam system causes the input shaft of the windmill to oscillate. The bimorphs are thus subjected to oscillatory motion. Additionally, the bimorphs used in the windmill were prestressed to have a bending of 1.77 mm at the end in contact with the stopper. the fan in the foreground and the piezoelectric windmill above the fan in the background. When experimentally testing the windmill, wind was applied to the fan such that the excitation frequency of the piezoelectric bimorphs was 6 Hz. At this excitation, it was found that a maximum voltage of 10.2 mW was obtained through a matching load resistance of 4.6 k . In order to establish a model that could be used to represent the piezoelectric windmill, a subsequent study was performed. Priya (2005) used the same windmill configuration with the exception that only ten piezoelectric bimorphs were used. Additional experiments were run on the windmill and it was found that, as the wind speed increased, the power output of the harvester increased linearly. It was also found that, at wind speeds above 12 mph, the windmill could potentially be damaged. The maximum power output of the windmill was found to be 7.5 mW at a wind speed of 10 mph through a matching load resistance of 6.7 k . Next, a mathematical model was created using piezoelectric beam theory. The model predicted that power output through a matched load increases linearly with increasing excitation frequency. This finding matches the linear increase in power output with wind speed found experimentally. A maximum power output of 6.9 mW was predicted at a wind speed of 10 mph. Although the model indicates some error when compared to experimental results, the study proves that harvesting power from ambient wind currents is feasible and can be modeled mathematically.
Flowing water is another source of energy provided by the ambient movement of a fluid. Hydroelectric power plants use the head pressure built up behind a dam to rotate a generator as the water flows through the dam. Recent research has investigated the use of piezoelectric materials submerged underwater in harvesting energy from flowing water. Taylor et al (2001) developed a so-called 'energy harvesting eel' made up of a long strip of piezoelectric polymer bimorph material. In order to produce adequate forces to cause the piezoelectric material to simulate the motions of a swimming eel, a bluff body is placed upstream of the power harvesting eel. The presence of the bluff body causes alternating vortices to be shed on either side of the obstruction. The resulting pressure differential in the water causes the piezoelectric bimorph to 'wave,' similar to the motions of an eel. A prototype eel that was 9.5 in long, 3 in wide, and 150 μm thick was created and tested in a flow tank. Results showed that the power output of the eel can be maximized when the so-called 'flapping frequency' matches the vortex shedding frequency. The voltage generated by the eel was measured and recorded In a later study conducted by Pobering and Schwesinger (2004) , the ability of a PVDF flag (see figure 12) , similar to the eel created by Taylor et al (2001) , and a cantilever bimorph (see figure 13 ) in harvesting energy from flowing water was tested. Theoretical calculations were first performed to determine the power harvesting capabilities of piezoelectric materials submerged in rivers. It was calculated that, in a river flowing at 2 m s −1 , piezoelectric materials could harvest 140 W m −2 . When specifically analyzing both types of piezoelectric generators, it was determined that a bluff body would need to be inserted into the river, upstream of the devices, in order to create turbulent flow in the vicinity of the harvesters. Calculations were performed to obtain the power output of both devices. It was found that a PVDF flag could generate between 11 and 32 W m −2 of power. The power output of a cantilever with a 5 mm length, 3 mm width, and 60 μm thickness, on the other hand, was reported as 6.81 μW. It was suggested that increases in power output could be obtained by decreasing the thickness and increasing the length of the cantilever. Next, the concept of combining multiple harvesters to create a larger scale generator was investigated. It was found that 100 000 small cantilever elements could be arranged in 1 m 2 . Expanding even further, a 3D array of elements placed in a river could deliver approximately 68 W m −3 of power. State-of-the-art wind turbines have a power density of about 34 W m −3 ; thus energy generation by piezoelectric elements submerged in a river is quite feasible and could show significant improvements above wind turbine technology. This concept, however, was not validated, and design issues regarding the ability to generate vortices acting over each device are expected.
Power harvesting in microelectromechanical systems
With the recent advances in computer and electronics technology, the possibility exists of creating miniaturized, selfpowered devices. The power requirements of some microscale chips are becoming so small that they can be powered by the energy scavenged from micro-scale piezoelectric power harvesters. Much of the recent power harvesting research in microelectromechanical systems (MEMS) has focused on the ability to supply power to wireless sensors. By incorporating power harvesting technology into wireless sensors, the cost of batteries and battery replacement can be eliminated. Additionally, the size of the sensor can be decreased by incorporating micro-scale power harvesters as an energy source.
In an effort to develop a micro-scale power harvester, Ammar et al (2005) designed a 1 μm thick piezoelectric cantilever beam with a seismic mass attached to its end. This micro-power harvester was to be used as the energy source for a compact wireless sensor node. In addition to designing the cantilever, an adaptive energy harvesting circuit was also developed to help optimize the mechanical to electrical energy conversion process. Although a prototype of the micro cantilever beam has been created, a macro-scale beam was used to experimentally validate the circuit. It was found that implementing the adaptive circuitry on the macro-scale beam led to a faster charge build-up in the system. Lu et al (2004) both designed and tested a micro-scale cantilever beam energy harvesting system. For typical MEMS applications that run continuously, a power harvesting system must supply about 0.1 mW of power. The goal of this research was to design a micro-energy harvesting system capable of supplying enough power to run a MEMS application. A PZT cantilever with a thickness of 0.1 mm, a 1 mm width, and a 5 mm length was created. It was found that a vibration amplitude of 15 μm would be necessary to supply enough power for a continuous application. When experimentally tested, the cantilever generated about 1.6 mW of power at an excitation of 7 kHz, thus providing sufficient power harvesting capabilities for MEMS applications.
In order to improve the design of MEMS-based piezoelectric energy converters, Gurav et al (2004) focused on optimizing the design parameters for micro-scale systems. An uncertainty-based design optimization was carried out on a microstructure consisting of an array of three cantilever piezoelectric beams all fixed at the same end, and connected to the same seismic mass. Upon completion of the optimization process, the results of a baseline design were compared to the results from the optimized design and a 30% increase in power harvesting capability was found over the baseline. Although no experiments were carried out to verify the calculations, the results show promising improvements in power output through optimization.
One of the limitations of harvesting energy from a cantilever beam is the low coupling coefficient associated with the −31 bending mode typically found in cantilevers. The research of Zhou et al (2005) , however, investigates the feasibility of harvesting energy from a PZT cantilever with interdigitated electrodes to create a self-powered piezoelectric microaccelerometer system. The electrode pattern allows the PZT to operate in the more efficient −33 mode as is the case with the MFC (Wilkie et al 2000) and the active fiber composite (AFC) (Bent et al 1995) . The piezoelectric device in this study was used both as a sensor and a power harvester. Therefore, the voltage sensitivity and the energy generation capabilities were both important. Theoretically, it was found that devices with greater surface dimensions and lower resonant frequencies had considerably higher voltage sensitivities.
Additionally, devices with lower resonant frequencies were found to have higher energy densities. A PZT cantilever of dimensions 100 μm × 200 μm with a natural frequency of 1 kHz was predicted to give more than 2 μW mm −2 g −1 . Similar to the research done by Zhou et al (2005) , Jeon et al (2005) also examined the usefulness of operating a micropiezoelectric cantilever in the −33 bending mode through the use of interdigitated electrodes. A cantilever harvester having a length of 100 μm, a width of 60 μm, and a thickness of 0.48 μm was fabricated, as seen in figure 14 . The resonant frequency of the cantilever was found to be 13.9 kHz, and when operated at resonance, a maximum tip displacement of 2.56 μm was observed. A maximum power output of 1.01 μW at 2.4 V occurred at resonance when a 5.2 M load was applied to the system. Taking into consideration the on-chip circuitry as well as the cantilever itself, an energy density of 0.74 mWh cm −2 was obtained, which compares favorably to current lithium ion batteries. It was concluded that, through miniaturized power harvesters, wireless sensor networks can be both compact and self-powered.
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In a study performed by Lee et al (2006) , a novel fabrication technique was developed in order to create a piezoelectric MEMS power harvesting device with interdigitated electrodes operating in the −33 bending mode. The process was developed to help reduce the fabrication time and increase the quality of the piezoelectric device compared to existing techniques. A home-made jet printing PZT deposition chamber was developed in which 2 μm of PZT film could be deposited each pass. The technique was shown to be capable of depositing a high-quality PZT layer of up to 10 μm in minutes. Although the devices were successfully created, experimental testing was not performed, but should be investigated in the future.
In an effort towards achieving long term micro-power generation, Duggirala et al (2006) present a new form of piezoelectric power harvesting that involves radioactive thin films. The device developed, called a radioisotope-powered piezoelectric micro-power generator, utilizes radioactive materials to excite a piezoelectric cantilever beam. A thin-film radioactive source material is placed below the tip of a small cantilever beam that contains a piezoelectric patch near its base and a collector at the tip. As the radioactive source emits charged β-particles, the collector at the tip of the cantilever traps them. By charge conservation, the source and the collector build up opposite charges, leading to an electrostatic force between the two that draws them together. When the tip of the cantilever is drawn close enough to touch the radioactive thin film, the charge and the electrostatic force are neutralized and the cantilever begins to oscillate. The oscillatory motion of the beam stresses the piezoelectric patch and creates electrical energy. Experimentally, a 1 cm long generator was created and tested. The device was shown to provide a voltage of about 350 mV and a power of about 1.13 μW at the end of an oscillation into a load impedance of 90 k . The device had an overall conversion efficiency of 3.7%. In a similar study, Duggirala et al (2004) also developed a self-powered acoustic transmitter using the same radioisotope-powered micro-power generator. Further details on this technology and potential applications are also presented by Lal et al (2005) .
Self-powered sensors
The focus of many recent research studies involving piezoelectric power harvesting involves the development of self-powered sensors. With recent advances in wireless sensor technology, the need for energy sources that can harvest power from the environment and eliminate external power supplies and batteries is increasing. Studies have been conducted to explore the possibility of using piezoelectric power harvesting devices to provide energy to various types of sensors. In a study conducted by Ammar et al (2005) , the necessary components for a self-powered wireless sensor node were discussed. The components included a microscale piezoelectric energy harvesting system, an energy harvesting circuit, a microprocessor, a MEMS sensor, onboard memory, an onboard clock, and a radio frequency transmitter. Additionally, the research investigated the feasibility of using a micro-scale piezoelectric generator to supply power to the circuit. Also, a self-powered microaccelerometer was proposed by Zhou et al (2005) in which a single piezoelectric cantilever was used as a sensor and a power harvester. Although the above research does not include the development of prototype self-powered sensors, many researchers have successfully created sensors that are powered by piezoelectric energy harvesting devices. Roundy and Wright (2004) developed a small piezoelectric cantilever generator that was used to power a custom radio transmitter. The generator was designed with a 1 cm 3 total volume, taking into consideration the size of most wireless sensor nodes. The radio transmitter consumed 10 mA of current at 1.2 V and was capable of transmitting a 1.9 GHz signal a distance of 10 m. Their study showed that, for excitation vibrations with a frequency of 120 Hz and an acceleration magnitude of 2.5 m s −2 , the piezoelectric generator was capable of charging a storage capacitor to a sufficient level at which the transmitter could be turned on. The radio transmitter demanded more energy than the piezoelectric device could generate, therefore, a low duty cycle of 1.6% was supported by the system. The work of Arms et al (2005) focused on designing and fabricating a piezoelectric-powered wireless temperature and humidity sensor. A piezoelectric cantilever beam was used to harvest ambient vibrations to power the sensor and wireless data transmission circuitry. Figure 15 shows a photograph of the self-powered sensor. Research showed that, under low input vibrations on the order of 1 m s −2 and modest strain levels of around 200 με, the cantilever was able to generate a relatively high amount of power. When combined with the wireless temperature and humidity sensor, it was found that the piezoelectric generator was capable of supplying enough energy to perpetually operate the sensor with low duty cycle wireless transmissions. Again, a low duty cycle was found because the piezoelectric harvester did not generate enough power to continually operate the sensor.
In an effort to utilize piezoelectric energy generation in a biomechanical application, Platt et al (2005a) , as discussed in a previous section of this paper, created a self-powered total knee replacement implant in which sensors encapsulated in the unit could provide in vivo diagnostic capabilities. A self-powered monitoring system is ideal for human body implants because of the long life expectation of the unit. Replacing batteries in implants requires additional surgery to remove and replace the battery. A simplified design is proposed by the research in which a focus is placed on the feasibility of piezoelectric power harvesting in creating a self-powered sensor rather than the complex details of implant design. A prototype implant was created which was capable of producing enough power to operate a PIC 16LF872 microprocessor. The microprocessor was programmed to turn on an LED indicator for a fixed period of time during the loading cycle. Tests showed that, when subjected to a 1300 N force, the system was able to illuminate the LED. In fact, approximately 225 μW of continuous power was generated by the piezoceramic and the PIC microprocessor only required 50 μW of power. This study has shown the ability of piezoelectric power harvesting systems to be used in human body implants to create in vivo self-powered sensors.
A fiber-based piezoelectric power harvesting device was used by Churchill et al (2003) to supply power to an adaptable wireless sensor node capable of recording signals from many different transducers and transmitting data wirelessly to a receiver. When subjected to a 180 Hz vibration that caused a strain of 150 με, the piezofiber-based harvesting system was able to power a microcontroller with onboard analog-to-digital conversion and wireless transmission capabilities for 250 ms. This proved to be enough time for the microcontroller to collect valid data from several sensors and transmit it four to seven times to ensure accuracy. In order for the microcontroller to operate, the piezofiber first charged a storage capacitor to a voltage of 9.5 V. Once this voltage level was obtained, the microcontroller was activated and remained on until the voltage across the capacitor dropped to 2.5 V. Tests were conducted to measure the time interval between transmissions in order to find the duty cycle of the system. For moderate strain levels of 150 με, the time it took for the capacitor to reach full charge and begin transmission was between 30 and 160 s, depending on the frequency of excitation. Higher excitation frequencies facilitated faster charging. Additionally, it was shown that the piezofiber generator was capable of harvesting 7.5 mW of power when a 180 Hz vibration causing 300 με was applied to the device. Elvin et al (2003) studied the ability of a single piezoelectric element to act as both a sensor and a power supply to create a simplified self-powered sensor. Because the voltage generated by piezoceramic materials is proportional to the strain applied to the material, the device can be used as a strain sensor. Research was conducted to couple piezoelectric strain sensing and power harvesting into a single piezoelectric unit. A PVDF sensor and harvester was created and mounted to a beam that was to be monitored. The sensor was capable of measuring the strain in the beam which could then be used to identify damage in the beam in the form of a crack. Depending on the value of strain reported by the sensor, the crack depth was determined. Wireless transmission capabilities were incorporated into the system for communication purposes. When tested experimentally, the beam was subjected to a load causing a beam displacement of 2.2 mm at a frequency of 1 Hz. Sufficient energy was produced by the PVDF generator to allow radio frequency transmission of strain values within a single loading cycle. Additionally, the sensor data transmitted showed the ability to accurately predict the crack depth. The study successfully demonstrated the ability to use a single piezoelectric element as both a sensor and power supply, and function as a self-powered damage detection unit.
In a study focusing on self-powered machinery health monitoring, du Plessis et al (2005) investigated the possibility of harvesting energy from machinery vibrations with a piezoelectric cantilever to power a wireless health monitoring node. It was suggested that a sensor node be comprised of six components including an energy harvester, power conversion circuitry, a power storage module, a sensor, a processor, and a radio communications unit. The research involved analyzing an oil pump which was to be assessed using the health monitoring node. The natural frequency of the pump was found to be 130 Hz, and a piezoelectric cantilever was fabricated and tested near this resonance. The cantilever used was a quick pack QP21B. Under an excitation producing a strain of 700 με at 100 Hz, the cantilever was able to produce 2.8 mW of power. Experiments were also conducted to test the durability of the quick pack. At a strain of 700 με at 100 Hz, the quick pack encountered 1 × 10 8 cycles at which the test was terminated. This study proved the ability of a piezoelectric cantilever to produce enough power and withstand enough strain to be used in a machinery health monitoring sensor node. This research was continued by Discenzo et al (2006) , who developed a self-powered sensor node capable of scavenging energy from the oil pump. The node was programmed to sample three analog inputs including the voltage level generated from the piezoelectric generator, the state of charge on the storage capacitor bank, and data from an accelerometer. This information was stored in the local processor memory and also transmitted to a remote receiver. Instead of a quick pack cantilever, a T220-A4 from Piezo Systems Inc. was used. The resonant frequency of the cantilever was tuned to match the 130 Hz operational frequency of the oil pump. The sensor node was programmed to hibernate for one hour while collecting energy from the piezoelectric cantilever, then turn on, collect data, and transmit the data collected. The sensor node was installed on an oil pump in an oil tanker ship and left operating for four months. At the end of the four months, over 8000 data files were captured by the sensor. This study shows a successful application of providing power to sensors using piezoelectric materials.
Performance of piezoelectric versus other materials
Harvesting energy from ambient vibrations is a topic that has recently attracted much attention. Many studies have been conducted to investigate the possibility of harvesting vibration energy with piezoelectric materials. There are, however, four basic methods by which vibration energy can be converted into electrical energy. These methods include harvesting with piezoelectric, electromagnetic and electrostatic generators, and each method has received attention by researchers. Electromagnetic power harvesters contain a magnet that oscillates in a coil causing current to flow in the coil. Electrostatic generators contain two conductors, separated by a dielectric, that vibrate relative to each other, behaving like a capacitor. The following studies compare the advantages and disadvantages of each method of energy harvesting. Roundy et al (2003) compared the three basic vibration energy harvesting methods. A qualitative comparison of each conversion method is given. It was explained that piezoelectric generators require no voltage source to harvest energy, but that they are more difficult to integrate into microsystems. Electrostatic generators are easier to integrate into microsystems, but require a separate voltage source to operate. Electromagnetic generators do not require a voltage to operate, but they output relatively low voltages. Upon discovering these advantages and disadvantages, the researchers decided to focus only on electrostatic and piezoelectric power harvesting methods. After modeling and experimentally testing a cantilever piezoelectric harvester and an electrostatic harvester, it was found that piezoelectric converters are capable of producing more power per unit volume than electrostatic converters. Again, it is noted that piezoelectrics require no voltage, but electrostatics are more suited for integration into microsystems. Roundy (2005) continued the comparative study conducted in 2003. A more in-depth study of all three energy conversion methods was presented and additional conclusions were made. It was found that the best technology needs to be selected based upon the environmental conditions and the physical constraints of the system. Some considerations are as follows. Piezoelectric generators produce high voltages and low currents. Also, for both piezoelectric and electrostatic generators, current generation decreases as the size of the device decreases. Electrostatic generators require oscillations at a magnitude of hundreds of microns while maintaining a minimum capacitive gap of about 0.5 μm or less to provide comparable power levels to other technologies, which creates implementation issues. Finally, electromagnetic generators generally produce low voltages and the voltage output decreases as the size of the generator decreases.
Another study comparing the performance of piezoelectric, electromagnetic, and electrostatic energy generation methods was conducted by Sterken et al (2004) . Each power generation technique was modeled mathematically and then compared. It was proposed that, under many conditions, all three methods could be used to convert vibration energy into electrical energy. Each method, however, operates best under certain circumstances. It was concluded that electromagnetic conversion is best suited for large systems in which the power harvesting device itself can be large. Electrostatic generators, on the other hand, are best suited for very small systems due to the small gap required between capacitor plates. Piezoelectric converters are capable of harvesting energy for all size levels: however, the maximum power generation capability of piezoelectrics is lower than that of electromagnetic or electrostatic systems. This study helps allow a designer to select an appropriate power harvesting method based on the size constraints imposed by the application.
A specific area in which different energy conversion methods have been compared lies in human powered applications. Poulin et al (2004) have compared the ability of both piezoelectric and electromagnetic power harvesting methods to harvest power from human movement to power portable electronic devices. The electromagnetic system studied was composed of a magnet moving in translation through a coil. The piezoelectric system was made up of a piezoceramic bar embedded at one end and free at the other. The research presents an analytical comparison of both systems. Some conclusions were made when comparing typically sized systems of each type. The maximum volumetric power output of both systems was relatively close, however, the resonant frequency of the electromagnetic system was on the order of a few hertz, where the resonant frequency of the piezoelectric system was on the order of a few hundred kilohertz. Additionally, the matching load resistance of both systems varied considerable. The matching load for the electromagnetic system was in the k range, and the matching load for the piezoelectric system was in the M range. Lastly, it was concluded that a piezoelectric system yields a high power density, making it attractive for micro-scale applications, and electromagnetic systems are better suited for macro-scale applications.
A similar study involving the comparison of power harvesting methods in human powered applications was presented by Niu et al (2004) . Piezoelectric, electromagnetic, and electrostatic configurations were compared as a means of harvesting energy from heel strike during walking. Upon investigating the three methods, it was determined that electrostatic generation would not be useful in heel strike energy conversion because of the additional voltage supply that it requires to convert mechanical energy to electrical energy. Also, it was stated that electrostatic devices only outperform electromagnetic devices when very small displacements are involved. When analyzing piezoelectric devices for heel strike energy harvesting, it was found that piezoelectrics in compression mode do not produce significant power outputs when subjected to a typical heel strike excitation. The bending mode was also investigated for a piezoelectric device, but it was found that a cantilever beam mounted in a shoe is unable to utilize the strain imposed by heel strike to harvest useful energy. In analyzing electromagnetic systems, it was noted that electromagnetic devices often have low efficiencies when subjected to low frequency vibrations, such as those found in heel strike excitation. The possibility of converting low frequency heel strike excitation into higher frequency rotary motion was discussed. This conversion could allow an electromagnetic device to work efficiently in heel strike applications. A major drawback, however, of electromagnetic systems is their relatively large weight when compared to piezoelectric systems. In comparing the two types of power harvesting systems, it was found that piezoelectric devices have limited applications in heel strike environments, and that electromagnetic devices, although inefficient under low excitations, are potentially better candidates if heel strike excitation can be translated into rotational excitation.
Concluding remarks
Power harvesting is the key to providing fully self-powered systems in the growing portable and wireless electronics market. While this field has seen a number of schemes for harvesting ambient energy sources, piezoelectric materials can be easily incorporated into many systems that are subjected to dynamic energy. Although the design specifications and power harvesting capabilities of most piezoelectric energy harvesting systems are not trivial and require much attention, any vibrating host presents the possibility of harvesting energy. The application of piezoelectric materials in power harvesting systems contains many variables which can be manipulated to obtain electrical energy from ambient vibration such that wireless electronics can be operated in a self-powered manner. A number of these factors have been detailed in the literature, which now acts as a comprehensive base for future researchers to build on.
A majority of the latest research has focused on improving the efficiency of piezoelectric power harvesting devices through physical and geometrical configuration, as well as adaptive circuitry and energy removal techniques. The challenge facing many researchers remains the difference between the energy consumption of the electronics used to store the harvested energy and the energy generation capabilities of the power harvesting device. The improvement of energy generation and storage methods combined with the decreasing power requirements of today's electronics help bring the concept of creating self-powered electronics closer to reality.
Much of the research up to this point has focused on the characterization of the power harvesting medium rather
